Flexion/extension moment arms were obtained for the major muscles crossing the hip, knee and ankle joints in the orang-utan, gibbon, gorilla (Eastern and Western lowland) and bonobo . Moment arms varied with joint motion and were generally longer in proximal limb muscles than distal limb muscles. The shape of the moment arm curves (i.e. the plots of moment arm against joint angle) differed in different hindlimb muscles and in the same muscle in different subjects (both in the same and in different ape species). Most moment arms increased with increasing joint flexion, a finding which may be understood in the context of the employment of flexed postures by most nonhuman apes (except orang-utans) during both terrestrial and arboreal locomotion. When compared with humans, non-human great apes tended to have muscles better designed for moving the joints through large ranges. This was particularly true of the pedal digital flexors in orang-utans. In gibbons, the only lesser ape studied here, many of the moment arms measured were relatively short compared with those of great apes. This study was performed on a small sample of apes and thus differences noted here warrant further investigation in larger populations.
Introduction
As apes are the closest living relatives of humans, their locomotion is of considerable interest to scientists investigating the evolution of human bipedal gait. In the first part of this study (Payne et al. 2006 ) we compared the volume and architecture of hindlimb muscles in apes and humans and related the consequences of these features for functional capacity to aspects of locomotor behaviour. However, the functional capacity of a muscle-tendon unit (MTU) is not only governed by the volume and arrangement of the constituent muscle fibres but also by the leverage of that MTU about a joint at different joint angles. Much of the locomotor behaviour of non-human apes involves use of the limbs over a wide range of limb postures. By contrast, human bipedal walking utilizes only a small proportion of the range of mobility of most major lower-limb joints. Thus, variation in MTU moment arms may be expected to have a significant effect on the capacity of each MTU to (1) generate and transfer force and (2) to apply that force at speed, over a wide range of joint positions.
The moment arm of an MTU describes its capacity to rotate a bone about a joint and is defined as the shortest perpendicular distance from the joint centre of rotation (JCR) to the MTU line of action (LOA).
Moment arms are capable of influencing the momentgenerating capacity of an MTU because a muscle moment (i.e. rotational force) is the product of maximal isometric force and moment arm. Moment arms thus transform muscle force into muscle moments, muscle speed into joint angular speed and muscle excursion into joint excursion (Zajac, 1992) . From this, it follows that the amount of joint rotation achieved for a given fibre length change is dependent on a muscle's moment arm. As moment arm increases, the potential for torque production increases at the expense of angular velocity (Lieber & Friden, 2001) ; thus, muscles with longer fibres are not always associated with joints which have larger ranges of motion, in spite of their ability to work over longer ranges; neither are they necessarily capable of generating high-speed contractions.
Detailed knowledge of muscle geometry is necessary to predict muscle moments and forces accurately. In musculoskeletal modelling, accurate moment arm data permit the transformation of modelled forces into joint moments. By use of models, the forces which are dependent on moment arms can be determined and used to estimate the forces transmitted by the joints during different phases of gait (Brown et al. 2003) .
Computer-based models are becoming increasingly common in the study of animal locomotion (see, e.g. van den Bogert et al. 1989; Meershoek et al. 2001; Wilson et al. 2001 Wilson et al. , 2003 . Such models are particularly useful in the case of extinct animals (e.g. in birds: Hutchinson, 2002 Hutchinson, , 2004 in dinosaurs: Carrano & Hutchinson, 2002; Hutchinson & Garcia, 2002) when the only available material is a set of fossil bones. Similarly, computer simulations of locomotion in extinct human relatives have been fruitfully employed to investigate the evolution of human bipedal walking. Simulations where optimized muscle forces are applied to derive motion, that is forwards dynamics simulations (e.g. Sellers et al. 2003 Sellers et al. , 2004 Sellers et al. , 2005 Nagano et al. 2005) , rather than the pattern of motion being predetermined and used to determine muscle force (inverse-dynamics) (e.g. Crompton et al. 1998 ) require input data on MTU properties and moment arm trajectories, which data can be obtained from cadaveric dissections of living apes (Li et al. 2002; Wang et al. 2003 Wang et al. , 2004 Wang & Crompton, 2004a; 2004b) . The only moment arm data that exist for primate hindlimbs to date are those published by Thorpe et al. (1999) and Marzke et al. (1988) for the common chimpanzee. Yet chimpanzees, where locomotion is dominated by terrestrial quadrupedalism (e.g. Pontzer & Wrangham 2004) , are rather specialized in terms of their locomotor repertoire and may not represent the best living model for our earliest human ancestors.
There are numerous different methods for measuring muscle moment arms and data exist for a wide range of muscles in humans (Nemeth & Ohlsen, 1985; Spoor & van Leeuwen, 1992; Hughes et al. 1998; Arnold et al. 2000; Juul-Kristensen et al. 2000; Graichen et al. 2001; Maganaris, 2004) and for certain other animals (horses: Meershoek et al. 2001; Brown et al. 2003; frog: Lieber & Boakes, 1988a,b) . Moment arms are often determined by physical measurement of the distance between the joint centres of rotation and the line of action of the muscles to be tested (see, e.g. Nemeth & Ohlsen, 1985; Graichen et al. 2001; Meershoek et al. 2001) . However, because moment arms have been shown to vary with joint angle (An et al. 1984) , methods assuming fixed moment arm values may render estimates of muscle forces inaccurate.
Non-invasive methods such as ultrasound, magnetic resonance imaging and computer tomography are popular methods for measuring aspects of musculoskeletal geometry in vivo . Unfortunately, in vivo imaging is not practical when studying moment arms in large-bodied apes. The tendon travel method, however, is relatively simple and cost-effective compared with in vivo imaging and in terms of procedure does not require knowledge of the position of the JCR, nor does it require separate account to be taken of the geometry of anatomical structures such as the patella. This paper therefore sets out to quantify hindlimb muscle moment arms in extant apes using the tendon travel technique. Variation in the magnitude of moment arm lengths throughout the joint range of motion will be considered in conjunction with aspects of muscle architecture and locomotor behaviour. As with other studies of non-human species, however, the present study of necessity draws from only a small sample of available specimens, and is intended as a contribution to our knowledge of moment arms in a group of scientifically important and yet endangered species. It does not claim to be a definitive survey of moment arm variation within Hominoidea: that awaits further studies which may achieve a more acceptable sample size.
Materials and methods

Subject data
The following cadavers were obtained for this study: one bonobo ( Pan paniscus ), two Western lowland gorilla ( Gorilla gorilla gorilla ), one Eastern lowland gorilla ( Gorilla gorilla graueri ), three orang-utans ( Pongo pygmaeus abelii ) and one gibbon ( Hylobates lar ). Subject data are provided in Table 1 . Further detail on the source and post-mortem care of each of the specimens can be found in Payne et al. (2006) .
Measurement of muscle moment arms
Flexion/extension moment arms of the major muscles at the hip, knee and ankle were obtained using the tendon-travel method (Landsmeer, 1961; An et al. 1981 ).
The derivative of tendon length with respect to joint angle in revolute joints (which we assume the joints in question to be) is equal to the average perpendicular distance from the JCR to the LOA of the MTU (its moment arm). This is because when a radius of a circle, i.e. the tendon path, moves through an angle of 1 radian, any point on that radius will have moved through an arc equal in length to the radius between that point and the centre of the circle.
Thus, the distance that a tendon moves while the limb moves 1 radian equals the average perpendicular distance between the tendon and the joint axis or the moment arm. Hence, muscle moment arms were calculated using the following equation:
MA is the moment arm of the MTU, L m is the distance moved by the tendon in metres and θ is the joint angle in radians.
To obtain measurements of muscle moment arms, the specimen was arranged on a dissection bench as shown in Fig. 1 . Superficial muscles were measured first with the underlying muscles intact, so that muscles remained at their in vivo distance from bone.
For all muscles (except fan-shaped muscles, which will be discussed separately below) a length of string with a coloured tag attached was tied around the muscle belly and then fed through a small hook screwed distally into the middle of the point of insertion (to ensure that the string followed the line of action of the MTU). A 20-kN load was applied by a weight hung from the end of the string, to keep the MTU taut. In order to define the axis of the trunk, large plastic map pins were inserted into the greater trochanter and tuber coxae; elsewhere, millimetre scales were attached to the axes of the long bones (medial and lateral: femur, tibia and 
Results
We were not able to measure all moment arms for all muscles in all subjects. This was either due to measurement error (which could not be detected until after the data were analysed and the muscles had been discarded) or due to damage inflicted during post-mortem examination. Equations for the trend lines fitted to the plots of tendon travel against joint angle are provided in Table 2 (A-H). Moment arm curves are provided in Fig. 2 .
Moment arms were scaled by segment length (see Methods) so that they could be compared between subjects of varying size. Maximum moment arms were determined for each muscle in each subject. The data were then normalized (i.e. divided by femur or tibia length, see Methods) and are provided in Table 3 .
Variation in moment arms through joint range of motion
Proximal limb muscle moment arms were generally longer and varied more through joint motion than distal limb muscles. However, the shape and magnitude of moment arm curves varied between subjects, species and between muscle groups. Some moment arm curves showed no change through the joint range of motion, whereas others were linear and increased or decreased with joint flexion; others again were parabolic, moment arms increasing then decreasing or decreasing then increasing with joint flexion. The shape of the moment arm curves was not always the same in members of the same species; for example, the moment arm of m. semitendinosus increased with joint flexion in Gm and Ojm but remained constant in Gj and Oam .
Moment arms of muscles crossing the hip joint
The moment arm of m. gluteus maximus at the hip was 
Moment arms of muscles crossing the ankle joint
The moment arm of m. triceps surae at the ankle was remarkably similar in all subjects, being linear in shape and increasing with increasing joint dorsiflexion.
However, moment arms were relatively longer at the end range of dorsiflexion in Gp and Gm. Maximum moment arms occurred in full dorsiflexion. The moment arm of m. flexor tibialis at the ankle was also similar in all subjects but it was always relatively shorter than that of m. triceps surae. Its moment arm was also linear in shape, increasing (Pp, Gp, Oam, and Haf ) or remaining constant (Gj, Gm, Ojm and Ojf ) with joint dorsiflexion.
It was relatively long in Gp (a maximum of 17% of tibia length) when compared with the other subjects (maximum moment arms ranged from 3 to 10% of tibia length) and maximum moment arms occurred in full dorsiflexion. The moment arm of m. flexor fibularis at the ankle was either parabolic or linear in shape, Table 1 . There were two heads of gastrocnemius medialis (I & II) in Ojf (see Results). Pt data were taken directly from Thorpe et al. (1999) . Gluteus maximus at hip for Pt is our own unpublished data. 
Discussion
Muscles generate forces which cause the rotation of adjacent limb segments about joints. The rotational force or moment about a joint is determined not only by the physiological cross-sectional area (PCSA) and maximum isometric stress of a muscle, but also by muscle moment arms, which can vary according to joint posture. Many of the muscles studied had moment arms that varied through the joint range of motion.
Such variation in moment arm is advantageous in that
it enables muscles to function differently at different joint or limb postures. In spite of this, most biomechanical studies that use moment arms to estimate muscle In general, the present data, when compared with those for humans (Leardini & O'Connor, 2002; Krevolin et al. 2004 ) and horses (Brown et al. 2003) , indicated that non-human apes appear to have muscles that are well suited for moving joints through large ranges, extending the finding of Thorpe et al. (1999) for chimpanzees.
Variation in moment arms
The shape and magnitude of moment arm curves varied both within and between subjects, species and muscle groups. However, at least some of the variation observed here may also be attributed to experimental techniques and or/scaling methods, the details of which will be addressed later in this discussion.
Muscles crossing the hip joint
At the hip joint, the general trend was for long moment arms (maximum moment arms were often in excess of 30% of femur length); these moment arms tended to increase with increasing flexion. In some muscles, moment arms would then decrease towards the end ranges of flexion. Maximum moment arms therefore occurred either in the mid range of joint motion or at maximum partly be due to the fact that they cross the lateral aspect of the joint. In such cases, variation in moment arms may also depend on how well the joint is fixed in purely sagittal plane motion.
Comparison of human and non-human ape moment arms
Data on human hindlimb muscle moment arms have been published previously. However, there is no single study providing data on all of the muscles studied here.
In order to compare non-human ape muscle moment arms with those of humans, data were selected from comparable papers (Visser et al. 1990; Herzog & Read, 1993; Thorpe et al. 1999) and are provided in Table 3 as a percentage of femur length. Human hindlimb (maximum) muscle moment arms were similar (yet at the lower end of the range) to those observed in the non-human apes. This is perhaps not surprising as hindlimb geometry is based on the same basic pattern and muscles inserted onto similar areas of the bones.
Architecture, geometry and functional capacity
It is well known that muscle architecture is intimately related to muscle function. The functional capacity of a muscle is, however, not only dictated by the number and arrangement of its fascicles but also by its moment arm. The important ratio is muscle fascicle length/ moment arm length; a high MFL : MAL ratio indicates the ability to move a joint through large ranges (Alexander et al. 1981; Alexander, 1993) . Thorpe et al. (1999) The difference, however, was not as marked as in the chimpanzee-human comparison (Table 4) . This is at least partly because we used maximum moment arm in our calculations rather than moment arm at the mid point of a bipedal stride (which posture was of particular relevance to the paper by Thorpe et al. 1999) . Pp and Pt had remarkably similar MFL : MAL ratios for all muscles except quadriceps at knee, which was twice as large in
Pt. This was because the maximum moment arm of m.
vastus lateralis was 13% of femur length in Pp but only 7% of femur length in Pt. Thorpe riceps at knee and triceps at knee) and this was due to relatively short moment arms (in spite of having relatively short muscle fascicles). Thus, gibbon proximal hindlimb muscles are well designed for achieving large ranges of joint motion (Hildebrand, 1995) . Gibbons are always going to be difficult as our sample comprised only nine cadavers, including five species of ape (two of which were juveniles). In addition, many of the hip joint muscles were rendered useless during limb removal (prior to our obtaining the specimens). Finally, data could only be processed and checked long after the muscles had been discarded. In spite of the above, we have succeeded in collecting a large volume of valuable data on the architecture and geometry of hindlimb muscles in apes. However, these practical difficulties should be considered when addressing unexpected variation in moment arm data, both within and between the species studied here.
We observed a large amount of variation within individual moment arm curves. However, the shape of the moment arm curve was not always the same in members of the same species. For example, in semimembranosus at the hip (see Fig. 2 ), several subjects showed no change in moment arm length (Gj) whereas in others it ranged by up to 30% of femur length (Gm).
Variation in the shape and magnitude of the moment arm curve of the same muscle in the same species could be related to conformational differences (i.e. differences in skeletal shape and form) or alternatively/additionally to practical difficulties associated with using the tendon travel technique. For example, there is a large coronal plane component to much of great ape hindlimb motion which we were not able to address here. In all subjects, the hip joint was capable of a greater range of flexion/extension when attempted with concomitant abduction (which is probably closer to hip motion in vivo), yet limb motion was of necessity restricted to the sagittal plane as this was the plane of the photographic images from which length and angle measurements were obtained. An alternative approach would be to measure length change using a potentiometer attached to the end of the string but this would not be practical in muscles with wide areas of origin and/or insertion 
Scaling
The ontogenetic scaling of moment arms has not yet been investigated. However, in order to compare moment arms among subjects of varying species, age and size, we scaled moment arms by femur/tibia length. We used segment lengths to scale data because body mass data
were not available for all subjects. It may of course be that some of the inter-and intraspecific differences observed here are related to scaling error. Ideally, variation in moment arms both within-and betweenspecies should be tested in a series of controlled experiments involving larger numbers of subjects that have been matched for sex, age and body mass. Such a data set would, however, be difficult to acquire in apes as fresh-frozen ape cadavers are extremely scarce.
Conclusions
Ape hindlimb muscle moment arms varied considerably through the joint range of motion. Proximal limb moment arms varied more than distal limb moment arms. The shape of the moment arm curves varied between muscles and between the same muscle in different/the same species. However, maximum moment arm length and range in moment arm length as a percentage of either femur or tibia length was similar in the apes studied here.
